Abstract-The dc current-voltage characteristics of an n-channel silicon MOSFET with an effective gate length of about 60 nm are analyzed and interpreted in terms of scattering theory. The experimental results are found to be consistent with the predictions of scattering theory-the drain current is closer to the ballistic limit under high drain bias than under low drain bias, and the ON-current in strong inversion is limited by a small portion of the channel near the source. The question of how the low-and high-V DS drain currents are related to the near-equilibrium, long-channel mobility is also addressed. In the process of this analysis, theoretical and experimental uncertainties that make it difficult to extract numerically precise values of the scattering parameters are identified.
I. INTRODUCTION

C
ONTINUALLY shrinking MOSFET channel lengths have led to a reexamination of traditional physics-based MOSFET models-both analytical and numerical. Natori's [1] ballistic model extended to treat quantum capacitance, 2-D electrostatics, and floating source boundary conditions [2] has been used to assess MOSFET performance against upper limits [3] . Silicon (Si) MOSFETs currently operate between the ballistic and diffusive limits; the scattering model provides a conceptual model for transport in this quasi-ballistic regime [4] , [5] . It explains drain current saturation in submicrometer Si MOSFETs in the presence of strong velocity overshoot near the drain-the channel velocity saturates at the beginning of the channel, not in the high-field region near the drain. Scattering theory explains why a MOSFET's drain current is closer to the ballistic value under high drain bias where scattering in the channel increases than under low bias. According to the scattering model, the most important scattering occurs in the lowfield region near the beginning of the channel. This provided an explanation for the experimental observation that the lowfield near-equilibrium mobility was an important factor in determining a Si MOSFET's ON-current [6] . Finally, the scattering model helps explain why conventional MOSFET models based on drift-diffusion concepts continue to work surprisingly well for nanoscale channel lengths.
As channel lengths continue to shrink, it is important to reexamine the scattering model and its applicability to modern Si MOSFETs. Several numerical studies that support the model have been reported, e.g., [7] - [12] , along with a number of careful experimental studies, e.g., [7] , [13] - [21] . On the other hand, objections to the model have also been raised [22] , [23] . The underlying theoretical uncertainties in the scattering model and in backscattering coefficient measurements have not yet been fully clarified. It is important, therefore, to carefully examine the theory against experimental data for modern Si MOSFETs. Our objective in this paper is to do so. We will show that down to 60 nm channel lengths, scattering theory provides a consistent (though not definitive) explanation for the measured current-voltage (I-V ) characteristics of Si MOSFETs. In the process of analyzing and interpreting the data, we will also identify some key experimental and theoretical uncertainties that remain. This paper is organized as follows. A brief review of the scattering theory of the MOSFET is presented in Section II. In Section III, experimental data are presented and interpreted conventionally using a new semiempirical model. In Section IV, the measured results are related to the ballistic limit, and the results are explained in terms of the backscattering coefficient R or, equivalently, the transmission T . We show that scattering theory provides a consistent description of the performance of n-channel Si MOSFETs and that two different ways of deducing T give similar results. In Section V, we discuss some of the uncertainties in extracting precise numbers for the backscattering parameters and identify some open questions that are becoming increasingly important as devices continue to shrink in size. Conclusions are summarized in Section VI.
II. REVIEW OF THE SCATTERING THEORY OF THE MOSFET
Scattering theory seeks to provide a concise description of the essential physics that controls the I-V characteristics of nanoscale MOSFETs [4] , [5] . In this section, we present a brief review of the key features of the theory. In the Appendix, we also discuss the relation of scattering theory to conventional MOSFET theory [24] . The results show that although the formalism looks much different from conventional MOSFET theory, the two approaches are actually very closely related, which helps explain why conventional MOSFET models continue to be useful for nanoscale MOSFETs.
0018-9383/$26.00 © 2009 IEEE In a MOSFET, electrons are injected from the source into the channel at the virtual source (VS: top of the barrier) whose height is modulated indirectly by the gate voltage. A MOSFET is similar to a bipolar transistor, except that in a bipolar transistor the barrier height is directly modulated by the emitter-base voltage. This analogy between the bipolar transistor and the MOSFET is well known; it is often invoked below threshold, but it also applies above threshold [25] .
Natori's [1] theory of ballistic MOSFETs highlights the importance of the source to channel barrier. An expression for the strong inversion drain current in the ballistic limit is readily derived as
whereυ
is the thermal injection velocity at the top of the barrier,
is the Fermi-Dirac integral of order j [26] . Equations (1) and (2) assume that a single parabolic subband with an effective mass of m * is occupied. Rahman et al. [2] extended this model to include 2-D electrostatics and the semiconductor capacitance, thereby removing the assumption that the charge at the VS is C ox (V GS − V T ). The ballistic model has also been extended to include self-consistent Schrödinger-Poisson electrostatics, occupation of all relevant subbands, and a tight-binding treatment of band structure that does not assume parabolic bands [27] .
Carrier scattering in the channel reduces the current and can be described by a current transmission factor T (or, equivalently, by a backscattering parameter R = 1 − T ). If we expand (1) for small drain bias and multiply the ballistic result by a transmission T , we find
where T lin is an appropriate average transmission under low drain bias. Under high drain bias, we must account for MOS electrostatics, which attempts to maintain a constant charge at the VS, and thus, we obtain [4]
where we have assumed that the velocities of the injected and backscattered fluxes are nearly equal. That assumption is well satisfied under low drain bias (3), but not as well satisfied under high drain bias (4) [8] , [28] - [30] . For typical conditions, however, the resulting error in T sat is rather small [29] , [30] . It should also be emphasized that T is gate and drain voltage dependent, and that according to scattering theory, T sat > T lin . Calculating T requires detailed numerical simulation, but it has been argued that the same low-field scattering processes that determine the near-equilibrium mobility control the value of T under both low and high drain bias [4] . The relation of the scattering model to more conventional MOSFET models, like the VS model, is discussed in the Appendix.
III. RESULTS AND ANALYSIS
In this section, we will analyze the I-V characteristics of unstrained n-channel Si MOSFETs. The 130-nm CMOS technology (with no engineered Si strain) used for our analysis features a 2.2-nm-electrical effective oxide thickness nitrided gate oxide, a minimum physical gate length (L SEM ) of 85 nm, a poly-Si gate doped at ≈ 2 × 10 20 cm −3 , and a V DD of 1.2 V. Fig. 1 (dashed lines) shows the measured I-V characteristics of the MOSFET with L SEM = 105 nm (equivalently, L eff = 60 nm). Although shorter channels were available, we restricted our analysis to devices that were electrostatically "welltempered," which sets the minimum effective channel length for the devices that we analyzed to be about 60 nm.
To analyze the results according to conventional MOSFET theory, we used a recently developed semiempirical model, namely, the "VS model," that has proven to be remarkably accurate in describing modern MOSFETs and a reliable way to extract a MOSFET's VS velocity and series resistance [35] . (In Section IV, we will relate this analysis to a scattering parameter analysis of the same device.) The VS model evaluates the drain current at the "VS," the top of the energy barrier between the source and the channel, according to
where Q ix0 is the VS charge density, υ x0 is the velocity at the VS, which is a quantity that is always less than the unidirectional thermal (or ballistic injection) velocity as given by (2), and F s is an empirical drain current "saturation function." The VS charge density is approximated by a semiempirical expression valid below and above threshold. Key fitting parameters in this expression are related to the subthreshold swing and drain-induced barrier lowering (DIBL). The drain current saturation function F s is similar to the bulk velocity saturation function for Si and includes two parameters, namely, V DSAT = υ x0 μ eff /L eff and β, a parameter that controls the sharpness of the transition. This model has proven to be very successful in fitting a wide range of Si MOSFET data as well as III-V HEMT data. It appears to offer a consistent and reliable way to estimate the VS velocity and the series resistance. The VS model for this analysis uses only nine parameters. Of these, the following five parameters are directly obtainable from standard device measurements: 1) gate capacitance in strong inversion conditions; 2) subthreshold swing; 3) DIBL coefficient; 4) I OFF at V GS = 0 V, and 5) high V DS and gate length (L g ). The fitted physical parameters are low-field mobility (μ eff ), parasitic source-drain resistance (R SD W ), VS injection velocity (υ x0 ), and the gate-source (or drain) overlap
. All I-V and capacitance measurements were done at T ∼ 300 K. Gate capacitance in strong inversion conditions was measured with a large-area device. L SEM is the actual postetch poly size and is taken as L g . Mobility was also independently extracted using the dR TOT /dL method proposed by Rim et al. [36] , with L ov being fitted by the VS model. Fig. 1 shows the measured and fitted I-V characteristics for nFETs with L g of 105 nm, which is the minimum physical gate length with DIBL coefficient less than 100 mV/V. The semiempirical model provides a good fit to the measured data, as can be seen in Fig. 1 . Table I summarizes the input parameters and the parameters extracted from the model. For this study, the parameters of most interest are given as follows: 1) the extracted series resistance and 2) the VS injection velocity. In Section V, we will discuss the uncertainties in these extracted parameters.
IV. SCATTERING MODEL ANALYSIS
The most direct way to analyze the measured I-V characteristics in terms of the backscattering model is to compare the measured I-V characteristic to the expected ballistic characteristic and to interpret the difference in terms of scattering parameters. This approach necessarily entails simplifying assumptions in the ballistic model. Alternatively, several authors have directly extracted backscattering coefficients from terminal measurements [13] - [17] . In some cases, assumptions about the functional form of the scattering parameters are made-assumptions that we wish to avoid. Our approach, therefore, will be to directly compare the measured I-V characteristic to a theoretically computed ballistic characteristic and to deduce T without further assumptions. Scattering theory predicts that T is closer to 1 under high drain bias, when scattering increases, than under low drain bias. Our results Computing the ballistic current for realistic 2-D bulk MOSFET geometry is a challenge. In a recent work [9] , [10] , [18] , it was shown that multisubband population and the Fermi-Dirac statistics needs to be taken into account. Our approach, therefore, is based on the top of the barrier model with the self-consistent Schrödinger-Poisson electrostatics to determine which subbands are occupied [i.e., we do not use the simplified model summarized in (1) and (2) Fig. 2 . The plots compare the measured I-V characteristics, which include scattering in the channel and series resistance with a model that assumes a ballistic channel with the series resistance extracted from the semiempirical VS model added. Two quantities of interest are the ratio of the measured channel resistance at high V GS of 1.2 V to the computed ballistic resistance (or measured intrinsic linear current to ballistic current) and the ratio of the velocity extracted from the VS model at high intrinsic V GS and V DS to the theoretical ballistic injection velocity. The extracted transmission under low and high drain bias are
In agreement with the prediction of scattering theory, the current transmission is higher under high V DS than for low V DS .
Scattering theory relates T to the mean free path under low and high drain biases. The near-equilibrium mean free path for backscattering in a long-channel transistor can be estimated from the mobility assuming that only single parabolic subband is occupied
This assumption is reasonable because our Schrödinger-Poisson simulations show that 78% of electrons reside in the first subband. Mobility can be determined experimentally taking the derivative of R TOT with respect to channel length, which eliminates the dependence of mobility on the parasitic series resistance, and the particular choice of L eff definition does not affect the extraction [36] . As shown in Fig. 3 , the extracted mean free path λ 0 is 14 nm. Scattering theory predicts that transmission in the linear region for nFETs with L g = 105 nm and L eff (= L g − 2L OV ) = 60 nm is
which is very close to the value extracted from the current ratio (6) . Saturation analysis by scattering theory is based on the following two key assumptions: 1) the appropriate mean free path is approximately a near-equilibrium one and 2) the critical length is much less than the channel length. Under high drain bias, the mean free path and critical length cannot be deter- The very-long-channel data point was not included because a long-channel MOSFET will not be described by the short-channel models in this paper. Critical length is about 8% of channel length. Extracted critical length for nFETs with L eff is 4.8 nm.
mined independently because varying V GS or temperature to vary the mean free path also causes the critical length to vary. In a recent work [19] , the critical length was extracted using the near-equilibrium mean free path, and it was shown that the critical length varied with V GS or temperature. Our approach is to assume that the appropriate mean free path is the measured near-equilibrium mean free path in a long-channel MOSFET and, then, to determine the critical length from a plot of 1/B sat versus channel length. The dependence of B sat on the parasitic series resistance and the particular choice of L eff definition does not affect this extraction. Assuming the critical length is linearly proportional to the channel length as = γ × L eff , the inverse of ballistic factor can be expressed as
B sat was extracted using (7), with DIBL being accounted for. As shown in Fig. 4 , the observed linear relation of critical length with channel length supports our assumptions. This linear relation was also verified by a quantum corrected Monte Carlo simulation [37] . The ratio of the critical length to the channel (6) and (7), while "indirect" represents evaluation of T lin and Tsat according to (9) and (11). length is about 8% (or ∼4.8 nm), supporting the existence of a short critical region at the beginning of channel. A ratio of about 10% has also been reported for different types of devices such as double-gate SOI [37] , [38] and bulk MOSFETs [19] . Using the critical length and the mean free path obtained from the near-equilibrium mobility, we can deduce the transmission in the saturation region for nFETs with L eff = 60 nm as
which is close to the value obtained from the current ratio as given by (7) . In summary, for nFETs with L eff = 60 nm, comparing measured currents to a computed ballistic model gives transmission with T lin = 0.20 and T sat = 0.72, which agrees well with the one with transmission T lin = 0.19 and T sat = 0.74, computed from the near-equilibrium mobility. In addition, the two approaches were used to evaluate of T lin and T sat for different transistors with channel lengths up to 1 μm, as shown in Fig. 5 . The results show that the discrepancy between the two methods of is no larger than 5%. The fact that these two approaches give similar results supports scattering theory, but we mention again that we have not independently determined the mean free path and the critical length.
V. DISCUSSION
The analysis presented in Section IV shows that this nanoscale Si MOSFET behaves as expected from scattering theory. It was necessary, however, to make several theoretical assumptions to generate the ballistic I-V characteristics against which we compared the measured results, and there are uncertainties in the experimental results themselves and in the parameters extracted. In this section, we briefly identify and discuss some of these issues. Finally, several issues arise as devices continue to scale, and some of those issues that, in our opinion, deserve additional study will be identified.
First, it should be pointed out that the assumption of parabolic energy bands in the ballistic model may overestimate the ballistic injection velocity-perhaps by 20% for electrons in unstrained Si [27] . Second, we should note that another assumption on which (3) and (4) are based is that at the top of the barrier, the average forward velocity (υ + ), and backward velocity (υ − ) are same and equal to the thermal velocity. This fact has been pointed out in [8] and [28] - [30] and has been examined by a quantum-corrected Monte Carlo simulation in [8] , [29] , and [30] . It turned out that υ − ≈ 0.7υ T , and R sat was overestimated by about 10% with this assumption (the error in T sat is somewhat smaller.)
The scattering model also assumes that carriers injected into the channel from the source occupy states at the top of the barrier according to the Fermi level of the source (i.e., that no source starvation [23] occurs). To extract the inversion layer density at the VS, the VS model assumes that
This assumption is expected to be well-justified for well-tempered devices free of significant short-channel effects.
Computation of the channel transmission coefficient brings up additional issues. Under low drain bias, computing T lin is straightforward with relatively few assumptions [39] . Computing T sat under high drain bias, however, raises several issues [40] . It has been shown that the critical length is not the spatial extent of the k B T L /q potential drop, but that it depends on the shape of the profile and on the specific scattering mechanisms [8] , [9] , [11] , [41] . The assumption that the appropriate mean free path is the near-equilibrium mean free path is clearly an approximation [41] . In very short devices, it has been suggested that the drain-end scattering becomes important [22] , [42] . In a very recent study, however, it was found that the drain-end scattering is negligible due to inelastic scattering in the channel [8] . In spite of these uncertainties, however, scattering theory provides good quantitative explanation of measured data, as discussed in Section IV. As channel lengths continue to shrink, the issues discussed here may become more important. Nevertheless, the most important insight from scattering theory is a qualitative one-that low energy scattering processes appear to control the drain current of a nanoscale MOSFET even under high drain bias.
Experimental uncertainties mostly come from the evaluation of inversion charge. Integration of the C-V curves measured on a large-area device neglects the gate length dependence of the poly depletion [43] , and the spread of C-V curves in shortchannel devices [44] . In the direct measurement of inversion charge in short-channel devices recently proposed [20] , the accuracy of effective channel length is of critical importance. Even if it is possible to obtain the inversion charge in the shortchannel devices, it is hard to verify the common underlying assumption that the extracted inversion charge is the charge at the top of the barrier. These experimental uncertainties have also been pointed out in [45] . The extraction of the critical length assumes that the mean free path is the near-equilibrium one obtained from the low-field mobility, which brings in other uncertainties such as the effective channel lengths, depending on the extraction method. The sensitivity of the mobility to the definition of effective channel lengths is critical-particularly in the very-short-channel devices, as shown in [18] .
In our approach for extracting transmission using the empirical VS model, there are also uncertainties in the series resistance. The series resistance variations affect R lin [18] and R sat [16] , [18] , [21] and have more impact on the linear region than on the saturation region. We assume that the accuracy of our extracted series resistance is within ±10% (therefore, R SD W = 220 ± 22 Ω · μm), because the series resistance obtained by fitting the Berkeley Short-channel IGFET Model to the same experimental data is 200 Ω · μm. The variation in transmission due to the series resistance uncertainties are T lin = 0.20 ± 0.02(10%) and T sat = 0.72 ± 0.01(2.5%), indicating that the series resistance uncertainties in the linear region are more critical. For today's high-performance transistors, the parasitic series resistance is comparable to the channel resistance, but the gate-source potential drop due to the parasitic resistance under high drain bias is still about 10% of the supply voltage. This explains why the series resistance variation causes more uncertainties in the linear region than in the saturation region. Ballistic simulation results show that the injection velocity increases with increasing V GS due to carrier degeneracy. However, the experimentally extracted injection velocity from the VS model does not show this behavior. We believe that surface roughness scattering may offset the effects of carrier degeneracy. Comparing the VS model extracted VS velocity to the theoretical ballistic injection velocity gives T sat = 0.68, which is about 5% lower than the value that we obtained in (7) . This difference is attributed to the difference in the inversion charge at the top of the barrier between the ballistic simulation (= 0.97 × 10 −6 C/cm 2 ) and the VS model (= 1.07 × 10 −6 C/cm 2 ) for V DS = 0 and V GS = 1.2 V. Measurements focus on T sat , for which there is no simple theoretical expression. Caution is therefore required when using measurement techniques that assume a specific functional form for T sat (e.g., assuming that it depends on a critical length and that the critical length is the kT length). As devices scale down, it should also be noted that there are some additional theoretical issues that need to be carefully examined such as source starvation [23] , long-range Coulomb interactions [46] , and separation of the device into source and channel regions as the top of the barrier moves into the source [8] , [38] .
VI. SUMMARY AND CONCLUSION
The I-V characteristics of a nanoscale Si N-MOSFET have been analyzed in terms of conventional MOSFET theory and in terms of backscattering theory. The key conclusions of this paper are listed as follows.
1) The scattering model provides a consistent conceptual model for nanoscale Si MOSFETs with channel lengths down to about 60 nm in terms of the transmission and injection velocity or alternatively in terms of traditional MOSFET theory. 2) Extraction of precise numbers for transmission, ballistic efficiency, etc., is somewhat clouded by a number of theoretical and experimental uncertainties. 3) Consistent estimates of T in the linear and saturated regions are obtained by two different techniques, which support, but do not prove, the validity of scattering theory. 4) Modern Si MOSFETs deliver more than half of the ballistic ON-current and much less than half of the ballistic linear current.
5) Low energy scattering processes and the low energy portion of E(k) are the most important factors in determining a nanoscale MOSFET's drain current under both low and high drain voltages. 6) Under high drain bias, a very short "bottleneck" near the source limits the drain current. 7) Measurement techniques that rely on an assumed functional form for T in the saturated region should be regarded with suspicion. As MOSFET channel lengths continue to shrink, concerns about the validity of the scattering model arise. So far, there has been, to our knowledge, no clear experimental evidence of the breakdown of scattering theory, but as scaling continues, clear experimental tests are needed. In that regard, recent research on novel channel material MOSFETs [47] , [48] provides us with an opportunity to examine our theoretical models for MOSFETs in regions of parameter space that are far removed from the traditional Si MOSFET.
APPENDIX
The expressions for drain current as given by scattering theory and conventional MOSFET theory look much different, but there is a close connection between the two approaches (which helps explain why the traditional MOSFET models continues to work so well for nanoscale MOSFETs). To see this connection, assume Boltzmann statistics (
where T lin is the transmission coefficient
, with λ 0 being the near-equilibrium mean free path for backscattering. The ballistic current ratio (B lin = I D_MEA /I D_BAL ) and transmission (T lin ) are related as B lin = T lin = 1 − R lin . Under high bias, the drain current becomes
where Boltzmann statistics has been assumed, and T sat is the transmission coefficient T sat = λ 0 /( + λ 0 ), with being the so-called critical length. The ballistic current ratio (B sat = I ON_MEA /I ON_BAL ) and transmission (T sat ) are related as
To see how the scattering model is related to the traditional MOSFET model, we use the simple relation between the nearequilibrium mean free path for backscattering λ 0 and the diffusion coefficient D n , D n = ν T λ 0 /2 along with the Einstein relation, so that (A1) becomes
where μ n = ν T λ 0 /(2k B T /q), and we define μ B ≡ ν T L eff /(2k B T /q) as the "ballistic mobility" [31] - [34] . It has been reported that the ballistic mobility explains partly [33] or fully [34] the apparent degradation of mobility in a very-short-channel devices. The scattering model is, therefore, equivalent to the traditional model except that it includes the ballistic mobility, which becomes important for channel materials with very high real mobility such as III-V or for very-short-channel lengths. Under high drain bias (using, again, the simple relation between the near-equilibrium mean free path for backscattering λ 0 and the diffusion coefficient D n ), (A2) becomes
This expression is similar to the traditional velocity saturation model, except that channel velocity saturates at the beginning of the channel, not in the high-field region near the drain. The physical picture is that carriers diffuse across a short bottleneck near the beginning of the channel, and they are collected by the high-field portion of the channel. Carriers cannot diffuse faster than the thermal velocity, so the appropriate velocity is the slower of the ballistic injection velocity or the diffusion velocity D n / . Just as the collector current in a Si bipolar transistor is typically limited by diffusion of carriers across the base, the ON-current of a nanoscale MOS-FET is limited by the diffusion of carriers across the low-field bottleneck near the beginning of the channel. Key assumptions under high drain bias are that a very short bottleneck region at the beginning of channel exists and controls the drain current and that the low-field near-equilibrium mean free path λ 0 is the relevant parameter that controls the current. The following two key questions are considered: 1) How close is D n to its near equilibrium value and 2) what is the magnitude of the critical length ? We do not wish to push this model too far-full numerical simulations are needed to compute T from device and material parameters, but the analysis presented here suggests that this simple model describes the essential physics of the nanoscale MOSFET and that the close relation of the scattering model to the conventional MOSFET model helps explain why conventional MOSFET models based on drift-diffusion concepts continue to work surprisingly well for nanoscale channel lengths.
